The course of penetration of radioactive sodium, chloride potassium, and thiourea from plasma into rabbits' sciatic nerves was observed after establishing and maintaining a level of radioactivity in plasma. The observations confirm the existence of a blood-nerve barrier since the exchange between blood and nerve is very much slower than the corresponding turnover for muscle. The vasa nervorum were J O times more permeable to sodium and chloride than the cerebral vessels.
I
NTEREST in barrier phenomena in the central nervous system has centered upon the penetration of materials from the circulating blood into the tissue or its fluids, and it is only recently that attention has been given to the necessary correlate that, i~ the blood-brain barrier is not to be circumvented, the sheaths surrounding the nervous tissue must also restrain the passage of materials. In connection with peripheral nerve, the interest has been the other way around, with very much more attention being devoted to the restraint upon the penetration of materials through the sheath than to the permeability of vessels. There are many reports published on the former subject, some of which are reviewed by Krnjevid 6 and Martin ~~ while the structural aspects of the perineurial barrier have been treated by Thomas, ~ Shanthaveerappa, et al., ~ Leiberman, 7 among others, and most recently by Olsson and Reese? ~ It will be recalled that the anatomists distinguish three "sheaths" in a typical nerve such as the sciatic: the epineurium, the perineurium, and the endoneurium. The epineurium is a connective-tissue layer, and may be equated with the dura of the central nervous system; it offers little or no restraint to the diffusion of solutes from the outside of the nerve to the inner regions. The perineurium lies beneath the epineurium and surrounds the individual bundles of nerve fibers; it is responsible for the delay in passage of solutes from the medium to the individual nerve fibers, and is apparently analogous with the outer layer of the arachnoid. The endoneurium surrounds each individual fiber of a bundle and may be regarded as a matrix for these rather than as a barrier to solute movement.
The blood supply to peripheral nerves has been described recently by Lundborg and Br~nemark. 8 Essentially, the epineurial vessels divide into ascending and descending branches that communicate by transverse vessels; these epineurial vessels are connected to the perineurial vessels, but there is no sharp demarcation between the two systems. In the perineurium itself there is a plexus of capillaries, arterioles, and venules. At their point of entrance, the blood vessels going to and from the endoneurium acquire a perineurial sleeve that accompanies the vessel for a short distance into the endoneurium. Having penetrated into the endoneurium, the vessels branch in such a way as to form a meshwork whose strands run between the individual nerve fibers. It is these endoneurial vessels that we may consider to be analogous with the vessels of the central nervous parenchyma, the restraint to diffusion across which constitutes the blood-brain barrier, i.e., they are the site of the bloodnerve barrier. The more superficial systems are presumably analogous with the vascular system of the dura and pia arachnoid from which diffusion of solutes is much less restricted, so that the blood-nerve barrier remains effective by virtue of restraint to diffusion across the perineurium, which, according to Shanthaveerappa and Bourne, 15 is a continuous layer of epithelial cells even in the smallest nerve branches.
The existence of a blood-nerve barrier was suggested by the experiments of Manery and Bale, 9 who found that following a single intravenous injection of sodium (Na 2~) the exchange in the sciatic nerve was far from complete after more than an hour. Brierly 1 found that, 30 minutes after an injection of Na 2~ in the rabbit, the activity per gram of sciatic nerve was about four times that in the brain of the same animal but the relative specific activity was still very much less than that in the blood plasma. A more systematic study in the cat, also Na 2~, was made by Dainty and Krnjevi6, ~ whose findings were quite variable but suggested a greater permeability to the ion in the cat than had been found by Manery and Bale in the rabbit. More recent investigations have been concerned with the distribution of large molecular species. Thus, Waksman ~8 showed the sciatic nerve of the rabbit to be impermeable to labelled protein while that of the guinea pig admitted some. Olsson ~2 showed the intraendoneurial capillaries to be impermeable to fluorescent serum albumin in the rat by contrast with vessels of the perineurium, and has studied variations with species 11 and those determined by location. ~3 Recently Olsson and Reese TM have demonstrated the hold-up of horseradish peroxidase to occur at tight junctions of the capillaries within the endoneurium, in contrast with capillaries in the outer sheath or epineurium.
We are reporting our attempt to access the permeability of the barrier between blood and peripheral nerve.
Methods
Rabbits of inhomogeneous strain weighing 3 to 5 kg were used. The radioactive materials were obtained from the Radiochemical Centre, Amersham, England. They were administered by infusion into the marginal vein of the ear according to a schedule designed to yield reasonably level plasma concentrations. Sodium (Na 24) and chloride (C136) were incorporated in isotonic NaC1. S 35 thiourea was administered in a solution containing 1% thiourea and 0.72% NaC1. Potassium (K 42) was in an isotonic mixture of KHCO3 and NaC1.
Except for experiments of 15 min or shorter duration, arterial blood was sampled intermittently from the central artery of the ear, and anesthesia (Nembutal 40 mg/kg supplemented by ether inhalation when necessary) was delayed until just before the termination of the experiment by decapitation. For shorter experiments, anesthesia was induced beforehand and arterial blood samples obtained from the femoral artery. Each sciatic nerve was removed from just below the sciatic notch to the popliteal space, care being exercised to tear away attached areolar tissue and fat. The nerves were weighed immediately.
The extent to which levels of radioactivity in plasma were maintained is exemplified by 15 experiments in which Na 24 was infused for 5 hours and 96 measurements of plasma radioactivity made. After the mean level in each experiment was brought to a normal level of 1.0, the standard deviation was 0.037. Linear regression of radioactivity upon time (in minutes) was 0.986 + 0.00011 t; the coefficient of the correlation was 0.3.
Counting
For Na 24 and K 42, the whole sample of nerve to which 1 ml of 0.75 NHNO3 had been added, and 0.5 ml of each sample of plasma plus 0.5 ml of water, were counted in a well-type crystal scintillation counter (Ekco N683). For C136 and S 3~ thiourea, trichoacetic acid extracts of plasma and 0.75 NHNO~ extracts of nerve in dioxan were counted in a Beckman CPM100 liquid scintillation counter.
Results

Sodium
The behavior of Na 24 is illustrated in Fig.  1 , which summarizes 60 experiments. There was an initial rapid rise in activity in the nerve, followed by a much slower penetration. The rapidly equilibrating space was equal to about 7% of the weight. If this space were accounted for by epineurium and other attached connective tissue, we should obtain a better picture of the penetration into nerve by subtracting the activity in that space and redistributing the remaining counts into the remaining weight. The result of these operations is shown in Fig. 2 , and in that figure also a line is drawn representing a least-squares fit for a single exponential process; the rate constant in that case is 1.15 X 10 -4 sec -~, and the steady-state intraneural concentration of Na + is taken as 0.46 that of a dialysate of plasma.
Chloride
In Fig. 3 , 44 experiments involving the penetration of C13G are summarized. In five additional experiments the mean ratio of counts per gram of nerve to counts per milliliter of plasma dialysate after 27 hours was 0.405. Subtracting 7% for extraneural counts and redistributing the remainder gave the result shown in Fig. 4 . In that figure the line depicts a single exponential process, the rate constant being 1.38 X 10 4 sec-~.
Thiourea
The results of 28 experiments are summarized in Fig. 5 . Late in time the apparent activity in nerve water was greater than in a dialysate of plasma, and it seems likely that either some of the material was bound or that thiourea had entered into metabolic reactions. Since we do not know the nature of the process that led to the excess activity it seems fruitless to attempt a detailed kinetic analysis of the result. From a qualitative standpoint that result is interesting, however, since it shows a restriction to the penetration of that material.
Potassium
The concentration of K 42 in rabbit sciatic nerve was 48. ___ 8.3 meg/kg (S.D., N = 18). At 4 hrs the ratio of the activities of nerve to ,oo plasma was 1.85 • .32.
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Discussion
We would have preferred less variation in 8~ our results; even with large numbers of observations, smooth curves for the penetration > ,o i.-of materials into nerve were not obtained. A g more marked variability in the penetration of 7-eo t.) Na 24 into the peripheral nerves of cats was found by Dainty and Krnjevid. 2 Our failure ~ 5o to obtain more consistent results may be due 7-to the inclusion of variable amounts of epine-5 "~ ttl urial connective tissue and fat as well as to ," variation in the chemical content of nerve in 3~ different animals.
Our qualitative assessment of the results is *~ that for the several materials tested, penetration into peripheral nerve was very much slower than into most other tissues and yet more rapid than into the central nervous system. This is in accord with the original observations of Manery and BalC for Na 24, and confirms the existence of a blood-nerve barrier to the materials tested.
Quantitatively some progress may be made toward a kinetic analysis, but because of our ignorance of the actual spaces involved, not to mention the observed variability, we must keep this as simple as possible. As shown in Fig. 2 , the penetration of Na -04 may be approximated by a single exponential process with a rate constant of 1.15 X 10 -4 sec -1, which is somewhat less than twice the rate of turnover of the ion in the brain of the rabbit3 ,4 For CP ~, the rate constant is 1.38 X 10 -4 sec -1. From our few observations relating to K 42 a rate constant of approximately 1.2 X 10 -5 sec -1 would be appropriate.
There is in the observations of Wilson and Silva a9 a basis for estimating the area of capillary wall in peripheral nerve and thus the permeability of vasa nervorum. They studied the phrenic nerve of the cat and found 23 capillaries in a single cross section, that cross section occupying an area of approximately 13. we take 5 X 10 -4 cm as the average radius and use their observations for capillary density, we reach a figure of 53 cm2/cm 3.
The permeabilities in Table 1 were calculated from the rate constants, steady-state distributions, and estimated area of capillary walls. For Na 24 and CP ~ the permeability coefficients are some 10 times those of cerebral capillaries in the rabbit (Welch and Davson, unpublished) .
In Table 1 it may be seen that the ratio of permeabilities of K 42 and Na 24 is approximately 2.5: 1. Since the mobilities in free solution are approximately in the ratio of 1.5: 1, the blood-nerve barrier appears to exhibit little if any selectivity between the two ions. It is interesting that this is what Krnjevid 6 found for frog nerve during perfusion of the hind limb, using nerve block to estimate intraneural concentrations of Na + and K +. In contrast, the blood-brain barrier shows a pronounced selectivity, the ratio of permeabilities for K ~2 and Na 2. being approximately 10:1 (Welch and Davson, unpublished).
Thus, both the restraint to the penetration of materials and the selectivity are less in peripheral nerve than in the central nervous system.
Summary
The penetration of Na 2~, CP% and S 35 thiourea into the sciatic nerves of rabbits was studied by establishing levels of these materials in plasma and assaying activity in plasma and nerves at several times. The uptake of each radioactive species was quite variable from animal to animal but was very much slower than uptake by muscle, thus confirming the existence of a blood-nerve barrier. Assuming that only a single rate-limiting step is involved in the turnover, and taking into account the approximate area of capillary walls, permeability coefficients of the vasa nervorum were calculated. For so- TABLE 1 Capillary permeability of rabbit sciatic nerve
Chemical
Permeability Constant Na 24 1.0 X 10 -~ cm sec -x C1 ~6
.95 X 10-6 cm sec -a K 4~ 2.6)< 10-~ cm sec -1 dium and chloride these were about 10 times higher than corresponding values for capillaries of the brain; the permeability to potassium was about 3 times higher than for brain.
